Instruction
Three Wave Mixing (TWM) as a robust optical frequency conversion technique has been widely used for the preparation of new light sources [1] . Single TWM process based on quadratic nonlinear optical media can be fulfilled effectively through quasi-phase-matching (QPM) [2] , [3] , i.e., periodically poling the nonlinear crystal. However, to reach frequencies far away from the input laser frequency or close to it, a single TWM process is particularly inadequate. For this reason, multistep TWM processes were utilized in order to compensate the insufficiency of the conversion range [4] . The requirement of simultaneous phase-matching of multiple processes is important in a cascaded multistep TWM processes. Recently, phase-reversal quasi-phase matching (PRQPM) [5] , [6] through non-periodically poling the nonlinear crystal has been proposed to make multiple processes simultaneously phase match. For a multistep TWM, the input frequency and the output frequency are intuitively separated by a mid-frequency. Thus, any loss (by medium absorption) from the intermediate frequencies before further conversion will result in the total loss of the conversion efficiency.
The analogies between TWM and atomic dipole transitions enable the analysis of TWM process with an atomic manner [6] . Theoretical analysis has demonstrated that the optical stimulated Raman adiabatic passage (STIRAP) works very well for the two-process TWM [7] , [8] , in which the input frequency was directly converted to the output frequency without intermediate frequency generation. This benefited from the theoretical model similarity between the two-process TWM and the population transfer in three level atoms. The optical frequency conversion without intermediate frequency generation just like the atomic population transfer from the state 1 > to state 3 > without placing any population into the intermediate state 2 > in a three level atomic system [9] . One key of the optical STIRAP for the two-process TWM is the counterintuitive order of the frequency couplings, in which the coupling between the input frequency ! 1 and the intermediate frequency ! 2 comes after the coupling between the intermediate frequency ! 2 and the output frequency ! 3 . Obviously, based on a three-process TWM, the frequency transfer would be more flexible. However, the extension of the optical STIRAP to threeprocess TWM has not been demonstrated.
The variants of STIRAP for N-level atomic system have also been proposed in different ways [10] - [17] . Among the variants, the Straddling STIRAP (S-STIRAP) turns out to be simple and robust [15] , [16] . In one publication, the S-STIRAP has been demonstrated experimentally in a linear optical system [17] . In this work, we report the robust and simple frequency transfer of a three-process TWM by use of the optical analogy of the S-STIRAP. In the optical S-STIRAP for the three cascaded TWM processes, the coupling of frequency ! 4 and ! 3 comes first, while then the coupling of frequency ! 1 and ! 2 comes later. The coupling of frequency ! 2 and ! 3 spans the above two couplings with intense of an order of magnitude higher. A quasi-phase matching strategy for the implementation of the frequency conversion is proposed based on the phase-reversal quasi-phase matching technique.
Theoretical Model and Analysis

Theoretical Model
In this model, three cascaded TWM processes are considered, in which the frequency ! 2 generated by a first TWM process is further converted to another frequency ! 3 by a second TWM process, and then a third TWM process at last convert the second frequency to a third frequency ! 4 . Fig. 1 shows the schematic layout of the three TWM processes as an example, including three difference frequency generation (DFG) processes. We note that each of the three wave mixing processes can be replaced by a sum frequency generation process.
Under the plane-wave and undepleted pump approximation, the coupled wave dynamic equations of our model can be described as follows [7] :
where z is the position along the propagation axis, ji ¼ ½ 1 ; 2 ; 3 ; 4 T is the state vector, in which ' j ¼ É j is the complex envelope of the amplitude of the wave with frequency ! j , and 
ji are the effective coupling coefficients between the fields. É p1 , É p2 and É p3 are the complex envelopes of the amplitudes of the pumps fields. 4 are the phase mismatches of the three TWM processes. Where k j ¼ n j ð! j Þ! j =c is the wavenumber of the wave with frequency ! j . The top and bottom sign in K ij and Ák j corresponds to SFG and DFG, respectively.
It is worth noting that the coupling equations are very similar to the dynamic equations of a four level atomic system interacting with three EM fields [15] . From this, we can analyze our model using a similar way as that in a four level atom. The main differences between the optical model and atomic model are just some variable substitutions. For instance, the crystal length z in wave mixing replaces the time variable t in atomic system, the dipole coupling strength also called Rubi frequency ij is replaced by the effective coupling coefficients K ij and the atomic transitions detunings Á j are also replaced by the phase mismatches Ák j .
The Optical S-STIRAP
Here, the optical S-STIRAP will be presented in a manner analogous to the analysis for a four level atomic system [15] . But, before that, we should give a brief description of the optical STIR-AP, so that the optical S-STIRAP can be recognized to have the same feature of the optical STIRAP. In the optical STIRAP, two cascaded TWM processes were used for the frequency conversion [7] , [8] . The frequency conversion from ! 1 to ! 3 occurs directly, while the intermediate frequency ! 2 keeps extremely low. This is owing to the counter intuitive order of the frequency couplings, i.e., the coupling of ! 2 and ! 3 prior to that of ! 1 and ! 2 . Our goal is to reach the similar results of the optical STIRAP, that is, for a three cascaded TWM processes, the power of frequency ! 1 is also directly converted to the final frequency ! 4 , while the two intermediate frequencies ! 2 and ! 3 keep extremely low. This purpose can be reached if the coupling of ! 3 and ! 4 precede the coupling of ! 1 and ! 2 , while the coupling of ! 2 and ! 3 straddling the coupling of the previous two couplings, and with coupling intensity significantly higher than the other two.
In the assumption of perfect phase matching, from the couplings equations, (1) and (2), we can obtain the following equations for the space deviation of the intensity of each of the four waves, as jÉ i j 2 is proportional to the intensity of the wave with frequency ! i : 
To keep the intensity of the intermediate frequency ! 2 and ! 3 very low all along, the following condition should be satisfied:
Considering (4) 
where K c is an arbitrary constant that may be chosen on physical ground for the regulation of K ij . Thus, the decrease of the intensity of frequency 1 would guarantee the increase of the intensity of frequency ! 4 . We note that at the initial stage É 1 ) É 2 % É 3 % É 4 and at the final stage É 2 % É 3 G É 1 ( É 4 . The relationship between K 21 , K 23 , and K 34 is apparent, that is, at the initial stage, K 34 9 K 21 , and at the final stage K 21 9 K 34 , with K 23 always much higher than K 21 and K 34 . As we see, the counter-intuitive order of K 21 and K 34 is obtained, just like in the case in optical STIPAP [7] , [8] . Moreover, the K 23 straddles K 21 and K 34 , like the signature of optical S-STIRAP. To satisfied (5), we can choose the following Gaussian modulations for the coupling coefficients:
where s determines the locations of coupling maxima, w 1 and w 2 determine the rate of the coupling variation, L is the length of the nonlinear crystal. The counter-intuitive order of K 21 and K 34 is satisfied if s 9 0. Additionally, we choose K 1 to be an order of magnitude higher than K 0 as it is in the atomic system [15] . See Fig. 2 for an illustration of these modulation functions. The spatially overlap of K 21 and K 34 guarantees the adiabatic condition, which has been depicted in detail in the previous studies [5] , [6] .
Numerical Simulation Under Perfect Phase Matching Condition
Here, the wavelength interaction of our model will be carried out by numerical simulation using the Runge-Kutta method. We considered the three TWM processes in (1) nonlinear medium which has the nonlinear coefficient of ð! 1 ; ! p1 : ! 2 Þ % ð! 2 ; ! p2 : ! 3 Þ % ð! 3 ; ! p3 : ! 4 Þ % 28 pm/v [2] . All the nonlinear interaction refractive indexes were calculated using the Sellmeier equation [18] at a temperature of 100 C. For simplicity, perfect phase matching condition was considered in all the TWM processes. The intensity of the input frequency ! 1 was 100 MW/cm 2 and intensities of the three pumps were 1 GW/cm 2 , 18 GW/cm 2 , and 1 GW/cm 2 for pumps p 1 , p 2 , and p 3 , respectively. The pump intensities were much higher than the input intensity of frequency ! 1 , thus, we can consider the undepleted pump approximation. The value of the modulation parameters were set to be s ¼ 5 mm, w 1 ¼ 9 mm, w 2 ¼ 13 mm, the length of the crystal is L ¼ 35 mm. The results of the simulation of the wavelength interaction along the nonlinear crystal are shown in Fig. 3 , with the intermediate wave intensities on a small scale in the inset. Note that, if every photon at 1 is converted to photon at 4 , the ratio of the intensity is
The total conversion of our model means the final output of 4 is n 4 ¼ 16 MW/cm 2 , which is consistent with the simulation results. As can be seen in Fig. 3(a) , the power of frequency ! 1 is almost totally converted into frequency ! 4 , while the power of the intermediate frequencies ! 2 and ! 3 keep extremely low along the crystal. These are exactly the main feature of STIRAP. Fig. 3(b) shows that the conversion efficiency of frequency ! 4 reaches nearly 100 percent. It is expected that even if there is a high medium absorbance at frequencies ! 2 and ! 3 , the efficiency of our frequency conversion scheme would remain nearly identical. 
